Even after several decades of quiescent storage in the ovary, the female germ cell is capable of reinitiating transcription to build the reserves that are essential to support early embryonic development. In the current model of mammalian oogenesis, there exists bilateral communication between the gamete and the surrounding cells that is limited to paracrine signaling and direct transfer of small molecules via gap junctions existing at the end of the somatic cells' projections that are in contact with the oolemma. The purpose of this work was to explore the role of cumulus cell projections as a means of conductance of large molecules, including RNA, to the mammalian oocyte. By studying nascent RNA with confocal and transmission electron microscopy in combination with transcript detection, we show that the somatic cells surrounding the fully grown bovine oocyte contribute to the maternal reserves by actively transferring large cargo, including mRNA and long noncoding RNA. This occurrence was further demonstrated by the reconstruction of cumulus-oocyte complexes with transfected cumulus cells transferring a synthetic transcript. We propose selective transfer of transcripts occurs, the delivery of which is supported by a remarkable synapselike vesicular trafficking connection between the cumulus cells and the gamete. This unexpected exogenous contribution to the maternal stores offers a new perspective on the determinants of female fertility. intercellular communication, in vitro maturation (IVM), oocyte development, oocyte maturation
INTRODUCTION
From the groundbreaking work of Dr. Edwards on in vitro fertilization [1] to the development of the most striking modern reproductive technologies, such as somatic cell nuclear transfer or parthenogenetic reproduction, there exists a common link because they all rely on the quality of the oocyte. The efficiencies of these technologies are modest to very low, and it is believed that much of the success rate relies upon the intrinsic nature of the egg at the outset of the manipulations. Even after a century of modern research on oocyte physiology, the nature of the cytoplasmic determinants characterizing the oocyte's developmental potential is still unknown. It is accepted that the embryonic program is embedded during oogenesis in part in the form of accumulated reserves that will support early embryogenesis.
The current model of mammalian oogenesis dictates that the cytoplasmic reserves of RNA are produced intrinsically and accumulate until the oocyte reaches full size [2, 3] . The mRNAs that are stored in the cytoplasm are stabilized and packaged as ribonucleoprotein particles. Afterward, chromatin condenses, leading to cessation of transcription, and these stored provisions sustain embryogenesis until the genome reactivates [4] [5] [6] . The duration of transcriptional suppression during embryonic development is species specific, lasting from several hours to days [7] [8] [9] . This is in contrast to many invertebrates, where a free flow of cellular material exists between the cytoplasm of the oocytes and that of specialized nurse cells within the egg chambers [10] [11] [12] .
In mammals, analogous to these nurse cells are the innermost layers of the cumulus cells, called the corona radiata, which are in close contact with the oocyte through their cellular projections that reach across the zona pellucida and contact the oolemma. These aptly named transzonal projections (TZPs), however, are not open-ended structures, and material exchange between these somatic cells and the gamete is believed to be by means of the gap junctions existing at the contact point between both cells; these junctions only permit the passage of small molecules (,1 kDa) [2, 3, [13] [14] [15] . In the current views of mammalian oogenesis, it is well accepted that the oocyte does not uptake large molecules [16] .
More recently, the unexpected exchange of cellular material between cells, from proteins and viruses to larger structures like organelles, has been reported in many cell types, namely through the discovery of intercellular structures called tunneling nanotubes (TNTs) [11, 17, 18] . Similar to other cellular extensions, the TZPs have the potential to act as intracellular highways to deliver material at their distal point of contact. Given the current model of mammalian oogenesis, this potential has not yet been explored. We postulated that during the long period of transcriptional incompetence, oocytes of large mammals impart their transcriptional functions to the numerous surrounding somatic cells that have direct physical contact through their TZPs, enabling them to deliver large RNA molecules to the gamete. The description of the structures and detection of the presence of RNA within the TZPs and means of delivery were investigated. RNA transfer from the somatic cells to the gamete could be important for the constitution of the maternal reserves that are pivotal to the understanding of oocyte quality.
MATERIALS AND METHODS

Oocyte Collection and Maturation
All animals used in this study were handled according to the guidelines of the Canadian Council on Animal Care and also in accordance with the Society for the Study of Reproduction's specific guidelines and standards. These were followed strictly at the local abattoir, which provided the ovaries. No animals were handled on university premises. Bovine oocytes were collected from 2-to 6-mm follicles from abattoir ovaries. Oocytes were matured for 3, 9, or 22 h in standard maturation media as previously described [19] . Good-quality oocytes displaying homogenous cytoplasm, a complete cumulus cloud with no signs of atresia, and a fully grown size greater than 120 lm were selected.
RNA Extraction and Amplification for RNA-seq
Two RNA-seq experiments were conducted. For the first one, total RNA transcriptome analysis of three pools containing 20 oocytes each, were collected for both maturation stages (e.g., GV and MII). The synthetic transcriptome ERCC (Life Technologies) was spiked in the extraction buffer that was distributed in all samples. Total RNA extraction and DNAse treatment were performed using PicoPure columns (Life Technologies). Next, cDNA first-and second-strand synthesis was carried out using NuGen's Ovation kit. The cDNA was then amplified with NuGen's SPIA system. The final cDNA product was fragmented, ligated, and primed for RNA-seq using the Encore kit (NuGen). An exogenous RNA spike-in control for normalization was included before the next-generation sequencing (ERCC RNA spike-in mix; Life Technologies). For the second RNA-seq experiment, sequencing of nascent RNA found in the TZPs was done using 110 oocytes. In order to isolate the RNA in TZPs, oocytes were cut into unequal hemisections with microdissection blades (Bioniche); afterward, the section containing the nucleus was removed, leaving the ZP, some ooplasm, and the cumulus cells. Nuclear staining with Hoechst 33342 (Life Technologies) and brief epifluorescent imaging confirmed removal of oocyte nuclear material. Isolation of new RNA transcripts was performed using the Click-iT nascent RNA extraction kit (Life Technologies), where enucleated COCs were incubated for 9 h in maturation media supplemented with modified uridine (Click-iT nascent RNA extraction kit; Life Technologies). Untreated cumulus-oocyte complexes (COCs) were used as controls. Zonas were then mechanically stripped of their cumulus cells (CCs). Total RNA was extracted using the TRIzol method (Life Technologies), followed by isolation of the de novo RNA using the protocol accompanying the nascent RNA Capture Kit (Life Technologies). RNA-seq library preparation was conducted as described above. All sequencing reactions were carried out on a HiSeq2000 system (Illumina) for 200 cycles (services provided by Genome Québec Innovation Center, McGill University, Montréal, QC, Canada; and the Institut de Recherche en Immunologie et Cancérologie, Université de Montréal, Montréal, QC, Canada).
Bioinformatics Analysis for RNA-seq RNA-seq reads were processed prior to analysis. To remove read-through Illumina primers and low-quality ends of sequences, all libraries were processed with Cutadapt software (Python, https://pypi.python.org/pypi/ cutadapt/1.4.2). Cleaned sequences with a length smaller than 30 bp were then removed using sickle (https://github.com/ucdavis-bioinformatics/sickle/). Only paired-end reads where both reads were longer than 30 nucleotides were kept. Sequences were then aligned to the UMD3.1 assembly of the bovine genome using TopHat2 software (http://ccb.jhu.edu/software/tophat/index. shtml). Alignments were quantified against a reference transcriptome using Cufflinks2 (http://cufflinks.cbcb.umd.edu). For transcriptomic analysis of total RNA from germinal vesicle (GV) and meiosis II (MII) stages, normalization was conducted on the exogenous transcriptome (ERCC) and for all contrasts differential expression was evaluated using Cuffdiff. Comparison at the top plots were produced using the MatchBox Bioconductor software package. Further expression analysis of gene ontology and pathway enrichment was completed using DAVID software online, using the cumulus cells nascent transcriptome as background.
RT-Quantitative PCR
Five pools of five oocytes at the GV stage or that reached MII stage with and without their cumulus cells were prepared. The synthetic transcriptome ERCC was spiked in the extraction buffer that was distributed in all samples. Total RNA extraction and DNAse treatment were performed using PicoPure columns (Life Technologies). Reverse transcription was performed using a qScript cDNA Synthesis kit, priming the reaction with the included random primers (Quanta Biosciences). The PCR was performed on a LightCycler 2.0 system (Roche) using the LightCycler Faststart DNA Master SYBR Green I kit (Roche). Primer sequences and amplification details can be found in Supplemental Table S1 (Supplemental Data are available online at www. biolreprod.org).
Fixation and Fluorescent Staining
When using labile direct stains, oocytes were imaged as unfixed specimens to preserve native structures. When fixation was necessary, oocytes were placed in 4% paraformaldehyde (PFA; Sigma-Aldrich) in PBS at pH 7.2-7.4 for 30 min at room temperature. All stains were purchased from Life Technologies, with the exception of rhodamine phalloidin, which was purchased from Cytoskeleton Inc., and were used to specification. DNA was detected in oocytes after Hoechst 33342 staining. Actin filaments were detected with rhodamine phalloidin (Cytoskeleton Inc.). Membranes were detected using GM1 stain (cholera-toxin subunit beta conjugated to Alexa Fluor 488 (Life Technologies) or with FM 4-64 (Life Technologies). The SYTO RNASelect (Life Technologies) was used for RNA staining, and the 5-ethyl uridine ClickiT kit was used for isolation of newly transcribed RNA (Life Technologies), and the latter was used to specification. RNAse cocktail (Life Technologies) was used to remove the signal from fluorescent RNA staining. Fluorescent microscopy was carried out on the Zeiss LSM 740 confocal microscope using ZEN capture and image analysis software (Karl Zeiss).
Immunofluorescence
Immunofluorescence was carried out using an established protocol [20] , on 4% PFA-fixed COCs that were partially denuded and sectioned with microscalpel blades (Bioniche). One difference was an initial heat-induced antigen retrieval in a solution of Tris-EDTA for 90 min at 608C. Primary antibody, rabbit anti-poly-A-binding protein (anti-PABP; Abcam), was applied at a dilution of 1:40 overnight at 48C. Alexa Fluor 488 anti-rabbit (Life Technologies) secondary antibody was used at a concentration of 1:1000 for 1 h at room temperature. Appropriate nonimmune immunoglobulin G (IgG) primary-and secondary-only controls were carried out on the samples concurrently. Samples were visualized on the Zeiss LSM 740 confocal microscope using ZEN capture and image analysis software.
In Situ Hybridization
Identification of poly-A transcripts in the oocytes was carried out using a poly-A in situ hybridization kit (Leica) to the manufacturer's specification with little modification. Briefly, COCs were fixed in 4% PFA, followed by a postfixation gradient of methanol (10%-90% v/v). Oocytes were then washed and rehydrated in PBS, placed on a slide, and incubated with the probe for 2 h at 378C in a humidified chamber. Samples were visualized on the Zeiss LSM 740 confocal microscope using ZEN software.
Scanning Electron Microscopy
Samples were deposited on coverslips coated with 0.5% gelatin (Roche) in distilled water. Cells were fixed for 30 min with 2.5% (v/v) glutaraldehyde in PBS, washed, and dehydrated in an ethanol gradient (10%-90% v/v), followed by absolute ethanol for 2 h. After completing the critical-point drying, samples were subjected to carbon sputter coating. Images were photographed using a JEOL (JSM6360LV) scanning electron microscope.
Transmission Electron Microscopy and Autoradiography
Collected oocytes were placed into equilibrated maturation media under oil for maturation. Oocytes were exposed to 30-min pulses with [ 3 H]-uridine prior to either 3, 9, or 22 h of maturation, or for long pulses from 0-3, 0-9, or 0-22 h of maturation. Exposed oocytes were transferred into media with a concentration of [ 3 H]-uridine (Perkin-Elmer) of 200 lCi/ml. All COCs were MACAULAY ET AL.
washed twice for 15 min in PBS supplemented with 10% fetal calf serum at 48C. Oocytes were fixed in freshly prepared 3% glutaraldehyde (Electron Microscope Solutions) in 0.1 M PBS for 1 h at 48C. Prior to embedding, the oocytes were stored in 0.1 M PBS. Osmium tetroxide postfixation, uranyl acetate and Reynolds lead citrate staining, Epon embedding, sectioning, and autoradiographic exposure of the samples using L4 emulsion (Ilford Nuclear Research Emulsion) and D19 developer (Kodak) were carried out as described previously [21] . Grids were viewed with transmission electron microscopy (JEM-1200 EX; JEOL).
COC Reconstruction with Transfected Cumulus Cells
Cumulus cells matured intact as COCs for 22 h were stripped by pipetting gently and were plated in six-well plates at a concentration of 1.5 million to 2 million cells per milliliter in Dulbecco modified Eagle medium (DMEM; Life Technologies) supplemented with sodium bicarbonate (MP Biomedical), bovine albumin (Sigma), Fugizone (Life Technologies), penicillin-streptomycin (Life Technologies), and MEM nonessential amino acids (Life Technologies). The cells were allowed to establish for 3-5 days prior to two transfections of 24 h each, before coculture with denuded oocytes. Transfection of the cumulus cells was carried out with the Trans-IT X2 delivery system from Mirus and the pcDNA 3.1(þ) plasmid (Life Technologies) containing eGFP and FMRP sequences. Coculture with denuded oocytes was conducted only if .25% of the cells expressed the eGFP.
To ''rebuild'' COCs, oocytes were gently stripped of their cumulus cells prior to maturation. At the same time, the cell lines were scraped from the bottom of the plate in 1 ml per well of in vitro maturation media. Oocytes and 500 ll of the media containing transfected cells were placed into 1.5-ml tubes and placed with lids open into the incubator for 22 h of maturation. After this period oocytes were recovered, briefly imaged using fluorescent confocal microscopy for the GFP signal, and stripped of all cumulus cells; zona pellucidae were removed with acid Tyrode and frozen for RT-PCR analysis.
RNA isolation and reverse transcription were carried out as described above for RT-quantitative PCR (RT-qPCR). The targets were then amplified through 30 cycles (for b-actin) and 40 cycles (for GFP and plasmid) of 988C for 10 sec, 598C for 30 sec, and 728C for 30 sec using TaKaRa ExTaq (Clonetech). For PCR primers, refer to Supplemental Table S1 . Amplicons were then run on a 2% agarose gel and visualized with ethidium bromide under ultraviolet light with a Bio-DocIt imaging system (UVP).
Statistics
Oocytes were collected from abattoir ovaries, washed, and pooled together for morphological selection of quality gametes. Random sorting was carried out to create treated and control groups for all assays, including RNA and protein detection, RNAseq library construction, RTq-PCR measurements, and functional assessments on the rate of maturation in the presence of inhibitors.
Comparison of means was carried out by t-test with significance attained at P , 0.05. In the case of the RT-qPCR, data were normalized to the exogenous transcriptome (ERCC) using geNorm software, prior to log2 transformation and one-tailed t-tests to determine significant differences between means in Prism 5 (GraphPad Software).
RESULTS
Transcriptomic Comparison of GV and MII Oocytes
As a first step, the potential for transcript accumulation during oocyte maturation when the gamete's transcriptional activity is believed to be silenced was investigated. A transcriptome survey of follicle-enclosed, full-size GV-stage bovine oocytes was compared with mature (MII) oocytes that developed in vitro. Considering the total RNA content at MII is representative of the net balance from the loss of transcripts due to translation and degradation in relation to what is stored within the oocyte at the outset of maturation, identifying transcripts for which a higher abundance at MII would be unexpected.
Data analysis revealed that overall RNA content was not significantly different between stages of maturation (Fig. 1A) . However, specific analyses showed increases in the abundance in 1.8% of transcripts in the MII-stage oocytes. Comparative RNA levels of three of these candidates (RASL11B, KIF5B, and AFF4) are illustrated in Figure 1B . The requirement for the presence of cumulus cells for this increase was determined by measuring the abundance of these candidate gene transcripts in oocytes matured with their full complement of cells or completely stripped of them. For all three gene candidates, transcripts accumulated during oocyte maturation, but only when the FIG. 1. Evaluation of GV and MII oocyte transcripts. A) RNA transcript levels in oocytes at the GV and MII stages determined by RNA-seq; pools of 20 oocytes at both GV and MII stages were analyzed in triplicate. B) Histograms of candidates more abundantly expressed in the MII stage oocyte compared to the GV stage oocyte as determined by RNA-seq. C) For the same transcripts, RT-qPCR results showed higher transcript levels in oocytes after maturation with cumulus cells than oocytes matured without, when compared with immature GV oocytes. Data are presented as means with standard error, with significance marked by a * (P , 0.05) as determined by one-tailed t-tests after DDCT evaluation and log2 transformation. Five pools of five oocytes were used for each experiment.
SOMATIC CELL TRANSCRIPTIONAL SUPPORT TO THE OOCYTE cumulus cells were present (Fig. 1C) , suggesting that the cumulus cells can act as an exogenous source of RNA for the oocyte.
Characterization of the TZPs
The role of these TZPs was investigated from the perspective of potential for extensive cargo exchange through structures such as those observed in other cell types forming TNTs. Compared with these fine intercellular structures (20-500 nm in diameter) [22] , the TZPs were much larger, with a diameter in the order of 2 lm (Fig. 2A) . Figure 2B demonstrates that TZPs invaginated inside the oocyte without membrane fusion and were held in place by adherenslike structures on the oocyte membrane and the extending microvilli that envelop the projection bulb. As such, TZPs differed from TNTs by not being open-ended, because their somatic cell membrane did not fuse with the oocyte membrane (Fig. 2B ). An electron-dense material can also be observed in the antrum of the TZP end, potentially indicative of protein aggregates (Fig. 2B) . Confocal fluorescence microscopy imaging shows that, similar to the TNT, the TZPs are composed of a strong backbone made of actin filaments (Fig. 2C ) that are necessary for the intracellular transport of cellular components, such as endoplasmic reticulum, Golgi, mitochondria, or endosomes. Figure 2D highlights the high number of TZPs surrounding an oocyte.
At the outset of maturation, the TZPs were in close contact with the oolemma and were noticeably detaching at 9 h of maturation (Fig. 3) . This continued until 22 h, when the connections were completely broken, creating the perivitelline space. This delineated the time window for the potential direct transfer of material from the cumulus cell to the oocyte.
Detection of RNA Within the TZP
The presence of RNA in the TZPs was studied using different approaches (Fig. 4) . Confocal microscopy with specific labeling of all RNA molecules and imaging within the cumulus cells cloud confirmed the presence of RNAcontaining particles distributed within the cells' projections (Fig. 4A) . Detection of the presence of mRNA in the TZPs was done using in situ hybridization for poly-A-bearing RNA (Fig.  4B) . Labeling was strong in the cumulus cell cytoplasm and was clearly visible along the entire length of the TZPs. Further confirmation of the presence of mRNAs in the TZPs was shown by detection of PABP. Defined clusters of PABPs were observed in the TZPs spanning the oocyte's zona pellucida (Fig. 4, C-E) . Together, these results confirm that polyadenylated transcripts can be sent toward the oocyte through the protrusions of the cumulus cells.
Identification of Newly Transcribed RNA in TZPs
To determine whether cumulus cell transcripts could be sent to the TZPs during oocyte maturation, de novo synthesized RNA was labeled and detected by fluorescence microscopy. Particles containing newly synthesized RNA were detected along the length of the TZPs (Fig. 5) . These particles were detected in the absence of detectable transcriptional activity from the condensed chromatin of the oocyte (Fig. 5, B and D) . The specificity of the RNA staining assays was confirmed by RNAse cocktail treatment (Supplemental Fig. S1 ). These results support the transport of newly synthesized RNA molecules through the zona pellucida.
Capture and identification of newly synthesized RNA within the TZPs were performed by microdissecting the COCs. Because oocyte populations are heterogeneous, with oocytes bearing chromatin at diverse degrees of condensation, resulting in residual transcriptional activity, precautionary steps were taken. The gametes' nuclei were removed from the assay by hemisectioning the COCs prior to labeling and eliminating the DNA-containing fragments (Supplemental Fig. S2A ). Following modified uridine incubation, cumulus cells were stripped from the zona pellucidae, which were then thoroughly washed to remove any contaminating somatic cells. DNA labeling enabled detection and removal of contamination, even with a single cell (Supplemental Fig. S2B ). After these steps, the newly synthesized transcripts sent to the projections and present in the zona were pulled down using the incorporated labeled nucleotide and were subjected to RNA-seq.
Comparative analysis of the transcriptomes of nascent RNA found in the cumulus cells and in the TZPs indicates an overlap of only 55% between both gene lists (Fig. 5E ). This supports the idea that selective transport of a considerable number of transcripts to the TZPs occurs. Transcript distribution showed similar RNA categories, except that novel transcribed elements that have not been reported so far were less abundant in the TZPs (Fig. 5F ). Among known long noncoding RNAs found in the TZPs were H19 and Xist transcripts. The first is a maternally imprinted gene, whereas the second controls 
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transcriptional inactivation of one X-chromosome in females. Functional analysis of the gene list of nascent RNA found in the TZPs using the cumulus cell nascent transcriptome as background showed an enrichment in transcripts associated with known key molecular functions and biological processes of oocyte physiology; namely, nucleotide/ribonucleotide binding, ion transport, and translation control ( Table 1 ). The list of the top 100 nascent RNAs found in the TZP ranked by the number of fragments per kilobase of transcript per 1 million mapped reads can be found in Supplemental Table S2 .
The Gametic Synapse
To understand how large material might cross from the cumulus cells to the oocyte, electron microscopy was used in conjunction with [ 3 H]-uridine labeling and autoradiographic exposure. Vesicles approximately 50-80 nm in diameter were observed between the oolemma and cumulus cell membranes (Fig. 6A) . At the same interaction, the oolemma presented invaginations (coated pits), a possible indication of their propensity to incorporate secreted material. Autoradiography exposure of pulse-chase experiments confirmed that RNA molecules produced from the somatic nuclei are sent through the TZPs, and labeled RNA molecules and vesicles were observed at the junction of the two membranes (Fig. 6, B-D) .
A longer pulse led to very dense and messy signals (data not shown).
Transfer of Synthetic RNA in Reconstituted COCs
To provide a definite proof of large cargo delivery from the cumulus cells to the oocyte, a primary cumulus cell line was established and transfected with an FMRP-GFP plasmid prior to coculture with denuded oocytes (Fig. 7A) . The GFP-FMRPtransfected cumulus cells reassociated with many of the denuded oocytes. After maturation, the oocytes were imaged, and some presented GFP protein signal within their cytoplasm (Fig. 7B ). The oocytes that had reassociated with the GFP cells were then stripped of all cumulus cells, and their zona pellucida were removed to eliminate contamination for RNA analysis. The GFP-FMRP transcript was found in these oocytes demonstrating the transfer of not only protein to the oocyte, but also of RNA (Fig. 7C) . In all of the samples, there was no detection of the construct (data not shown).
DISCUSSION
Although it was demonstrated in invertebrates that extensive material transfer of RNA, proteins, and organelles transit to the oocyte through specialized structures like translocation channels or cell-cell bridges [10, 12] the current model of SOMATIC CELL TRANSCRIPTIONAL SUPPORT TO THE OOCYTE mammalian oogenesis limits the exchange and communication between the somatic cells and the gamete to small molecule and paracrine signaling [23, 24] . Recent data show that somatic cells can exchange cellular components by establishing physical contacts with neighboring cells, and sometimes even with distant cells through the growth of cellular protrusions that reach and fuse with the target cell's plasma membrane [17] . This has considerably broadened the traditional view of intercellular communication, which was mainly based on the formation of small channels between juxtaposed membranes [11] . In light of these recent findings, we postulated that the TZPs could also be involved in the shuttling and delivery of large cargo to the oocyte.
At the structural level, compared with TNTs, TZPs are composed of a backbone similar to that of actin filaments, but are much larger. Contrarily to TNTs, TZPs are not open-ended where the adjacent membranes do not fuse. The TNT structures are fine and transient, lasting a few minutes up to several hours [17, 25] . More specifically, the TZPs are much larger, having a diameter of 2 lm, which would be sufficient for the transit of intact mitochondria. Also, the TZPs are formed during early oogenesis concomitantly with the secretory formation of the zona pellucida initiated during preantral development, and they persist for days to weeks depending on the species. The TZPs last until meiosis resumption, which involves terminating communications between the oocyte and the gamete and inducing the signaling cascade and enzymatic reactions that reduce the oocyte's cAMP content [26] [27] [28] . At this point, the two cell types gradually dissociate as cumulus cell projections are released, creating the perivitelline space between the zona pellucida and the oolemma. Therefore, in bovine the potential for large cargo transfer from the cumulus cells to the oocyte via the TZPs terminates around 9 h after induction of meiosis resumption.
In the present study, focus was placed on the potential of the TZPs to transfer large cargo in the form of long RNA molecules as a novel perspective to complement the maternal reserves that are an essential part of the early embryonic 
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program embedded in the maternal gamete [29] [30] [31] . Observing transcript abundance difference between matured oocytes cultured in either denuded or in intact COCs could arise from a shift in transcript stability induced by an unknown factor from the cumulus cells. However, transcript stability cannot explain the increase in abundance when compared with a preceding stage, as is the case for GV to MII stage oocyte. Accumulation of transcripts during oocyte maturation would support the potential for transfer, given the endogenous transcription of the oocyte is silenced. Previous work reported increases in some transcripts during oocyte maturation, but this was attributed to endogenous transcription in the oocyte itself because the use of a-amanitin to inhibit RNA synthesis ablated the increase [32] . However, inhibiting the polymerase II complex confirmed the contribution of new transcriptional events to the oocyte stores but did not identify its origin, because a-amanitin treatment would have affected cumulus cell transcription as well. Our results confirm that some transcripts increase in abundance during maturation and that this increase is dependent on the presence of cumulus cells.
Among the transcripts found to be overabundant in MII stage compared with GV stage oocytes, three were chosen for validation on the basis of their top position in the gene list. Interestingly, these candidates have been described mainly in the brain, with functions in neurons and at the level of the synapse. Although still little is known, RASL11B (RAS-Like, Family 11, Member B) protein is a member of a small GTPase protein family, works as a switch in diverse signaling pathways [33] , and is associated with glioblastoma, a malignant brain tumor [34] . The Kinesin superfamily, of which KIF5B (kinesin family member 5B) is a member, has been extensively associated with axon and dendrite physiology because these proteins are responsible for neuronal transport of large cargo, such as mitochondria, along the cytoskeleton [35, 36] . Recently, their cargo has been extended to include RNA granules [37] . In other cell types they were found to drive polarized transport in epithelial cells [38] . In mouse, RNAi silencing of KIF5b induces a delay in GV breakdown and causes a failure in extrusion of the first polar body [39] . In pig, KIF5b is implicated in oocyte maturation through its role in cytoplasmic microtubule organization [40] . Although no function of AFF4 (AF4/FMR2 family, member 4) has been associated thus far with oocyte physiology, it has been found that this protein is a member of the transcription-elongating factor in cancer and neurons [41, 42] . Taken together, the role of these candidates is a little clearer in the brain, where transport mechanisms are better characterized but organelle transport and control of translation are known important aspects of oocyte maturation.
Using different approaches, our results confirm the presence of RNA-containing granules along the entire length of the TZPs. However, the presence of RNA in TZPs and the potential transfer to the oocyte have previously been proposed for miRNAs transiting across gap junctions [43, 44] . To delineate miRNAs from long transcripts, detection of polyadenylation complemented with the presence of its binding protein PABP was conducted, and it clearly shows the presence of mRNAs in these granules found in the TZPs. This was further confirmed by surveying the nascent transcript population of the TZPs. Our results also demonstrate that newly transcribed mRNAs from the cumulus cells are sent to their projections. Comparative analysis of the transcript populations from the cell body or their TZPs strongly supports a selection of mRNAs to be transported in the TZPs, again with functions associated with molecular transport and control of translation.
Because the TZPs are not open-ended and gap junctions do not permit the transfer of long transcripts [45] , the mode of delivery for this cargo to the oocyte remained unknown. Imaging the articulation between the TZPs and the oolemma highlighted the presence of vesicular secretion from the TZP ends that allows transfer of transcripts to the gamete. This type of cellular communication is usually found for long-distance interactions; however, we show that communication through vesicular secretion can occur for closely associated cells. During the initial [ 3 H]-uridine labeling of the RNA experiment, the presence of many unlabeled vesicles was expected, given the short duration of the pulse (30 min) and that the average time for the production of an mRNA in eukaryotic cells is 20 min [46, 47] . The labeling thus detected immediate transcriptional activity. Also, because of the irregular trajectory taken by the beta particles and the thickness of the emulsion, the size of the RNA cannot be appreciated from the detected mark, and the exact position could have shifted slightly, thus we cannot exclude that the signals could originate from the nearby vesicles. Overall, the observed structures were reminiscent of neuronal synapses that communicate and exchange neurotransmitters through vesicular secretion. The observed TZP structures agree with cytological descriptions of synaptic structures [10, 11, 48] . To demonstrate RNA transfer from the somatic cells to the gamete, COC reconstruction was conducted in light of recent evidence where cumulus cells were proven capable of reattaching and reestablishing connections with stripped oocytes [49] . The transfected construct coded for a GFP-FMRP fusion protein. The transcript of the FMR1 gene was found in the TZP's RNA population, making it a good candidate to be selectively transported in the TZPs. In addition, FMRP is an RNA-binding protein with a very broad range of possible targets, making it a good candidate for ribonucleoparticle formation and intercellular transfer [50] . From these reconstructed COCs, both GFP mRNA and protein were detected in the egg, confirming transfer from the somatic cells. At this point it is not known whether the GFP signal arose from protein transfer or from translating the transcript in the ooplasm.
From these observations, we propose that contrary to what is currently accepted, the somatic cells surrounding the mammalian oocyte actively transfer long RNA molecules to the oocyte using their TZPs. By doing so, the somatic cells continue to nurture the gamete after it becomes transcriptionally quiescent. This new insight of the interconnection between the mammalian gamete and somatic cells is significant because it provides a new perspective to integrate into ideas on how the mammalian gamete acquires its full potential to develop into an embryo. It is interesting to consider that follicular ''preparation'' controlled by a hormonal regimen administered to large follicles can have a major impact on the developmental competence of the enclosed gamete, even if it is already fully   FIG. 7 . Detection of a synthetic transcript in reconstituted COCs. Cumulus cells were collected, placed in culture, and transfected with a plasmid expressing an FMRP-GFP fusion protein (A). Following the detection of GFP signal confirming transcript production, denuded fresh oocytes were overlaid on the cell culture and allowed to mature (B). After incubation, GFP-FMRP was detected in the oocyte (arrows). The oocytes were denuded again, the zona pellucida was dissolved to remove TZPs, and detection of GFP transcript was done by RT-PCR on a single oocyte (C). Lanes 1-5 are a single oocyte from reconstructed COCs; lane 6, an untreated pool of oocytes; lane 7, a positive control of transfected cumulus cells; and lane 8, a no-template control. Betaactin (ACTB) was used as a positive control for each sample. Bar ¼ 20 lm; the scale in A is equivalent to the scale in B.
3 corresponding to RNA signal are present in the cleft and the bordering ooplasm and near vesicles at the projections. D) A TZP section that spans the zona and invaginates in the oolemma. RNA signal can be seen in the length of the TZP and its bulb, and also in the ooplasm (arrows). Bars ¼ 500 nm (A and C), 1 lm (B), and 5 lm (D).
grown at the time of the treatment [19, 51, 52] . Also, denuded fully grown oocytes exhibit extremely poor developmental potential, which can be rescued when incubated with intact COCs [52, 53] . These reports provide clear evidence of the pivotal role played by the somatic compartment on the oocyte developmental potential. The transfer of material to the gamete could be at the basis of these observations. These results propose that our current concept for the process that constitutes the maternal RNA reserves in the mammalian oocytes should be revisited, taking into consideration this new contribution from the surrounding somatic cells through intercellular vesicle-mediated transfer. Although further work is needed to determine the physiological roles played by this transfer, this unexpected delivery of large cargo from the supporting cells to the mammalian egg provides a new perspective as to the determinants of egg quality and maternal fertility.
